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magnetogastrogram; biomagnetism; electrogastrogram; hyperglycemia HYPERGLYCEMIA ALTERS THE ELECTRICAL slow wave of the stomach (14) , and previous electrogastrogram (EGG) studies have demonstrated an increase in gastric slow wave frequency in response to glycemic overload (14, 18) . These effects are pronounced in patients with diabetes mellitus, where recent evidence suggests that depletion of interstitial cells of Cajal is associated with this disease (23, 28) . Interstitial cells of Cajal are the progenitors and propagators of gastrointestinal (GI) slow waves, and their absence is associated with disruptions in gastric and intestinal electrical activities (27, 33) .
Although the EGG is generally capable of describing the frequency dynamics of the gastric slow wave, its sensitivity to the electrical conductivity profile of the abdomen complicates the routine analysis of other clinically relevant parameters such as amplitude and propagation velocity (7, 25) . The magnetic fields generated by gastric slow wave currents are less influenced by these conductivity differences. As a result, the magnetogastrogram (MGG) allows assessment of gastric slow wave frequency as well as amplitude, propagation velocity, and other relevant spatiotemporal parameters (3, 5) .
Given the ability of the MGG to accurately characterize the gastric slow wave, we hypothesized that MGG recordings would reflect slow wave changes caused by a modest degree of hyperglycemia in normal human subjects.
MATERIALS AND METHODS
This study was reviewed and approved by Vanderbilt University's Institutional Review Board and General Clinical Research Center. Normal human volunteers (N ϭ 20) fasted overnight before undergoing the study. We inserted an intravenous line into the subject's arm and performed a fasting blood glucose test. We placed two pairs of bipolar nonmagnetic cutaneous EKG electrodes (Rochester ElectroMedical, Tampa, FL) on the abdomen above the epigastrium and asked the subjects to lie quietly underneath a superconducting quantum interference device (SQUID) magnetometer (Tristan Technologies, San Diego, CA) for a 30-min baseline recording. Respiration was monitored throughout the course of the study with a thermocouple placed outside the nose and mouth. Following the baseline recording, with the subjects remaining underneath the magnetometer, we injected 9 g/kg glucagon. We obtained blood samples for glucose level tests at baseline and 20, 40, and 60 min after injection of glucagon. We continued recording biomagnetic and cutaneous electrode signals for a period of 1 h following glucagon injection.
The magnetometer contains 19 detection coils at the bottom of a liquid helium-filled dewar oriented normal to the dewar bottom and arranged in a honeycomb pattern. The approximate locations of the individual sensors relative to a typical subject's abdomen are illustrated in Fig. 1 . As a reference for our analysis, we defined a Cartesian coordinate system with reference to the magnetometer and the subject, with the xy plane coplanar with a coronal anatomical plane, the x-axis parallel to an axial plane, and the y-axis parallel to a sagittal plane.
MGG data were amplified (DC-SQUID Model 5000 amplifier, Quantum Dynamics, San Diego, CA), digitized (PCI-6033e, National Instruments, Austin, TX) and acquired on a PC (Dell, Austin, TX) running LabVIEW (National Instruments). EGG and respiratory signals were also amplified (James Long, New York, NY) and were digitized and acquired with the same instrumentation and software as the SQUID signals. We removed linear trends from each channel of data and applied a second order Butterworth digital bandpass filter between 1 and 30 cycles per min (cpm).
We used MATLAB (MathWorks, Natick, MA) to compute the amplitude of signals in individual channels by computing the difference between the signal minima and maxima in specific time ranges. We plotted data from individual magnetic channels at relative locations of their sensors to examine the multiple time series and investigate any spatiotemporal trends or patterns. We also created falsecolor maps of data at individual time points. A sequential display of these false-color maps provides a visual representation of spatiotemporal signal characteristics.
We performed spectral analysis using an autoregressive analysis method (3, 8) . Spectral analyses from multiple data channels were used to compute spatial maps of the MGG signal frequency content in different frequency bands. These maps allowed us to estimate the location of the contribution of MGG activity in different frequency ranges. We used a map in the range of 2-4 cpm to identify the MGG channel with the strongest contribution from gastric slow wave activity. We computed the gastric slow wave frequency as the dominant frequency recorded in this magnetic channel from its power spectrum.
Power spectra obtained throughout the course of the experiment allowed us to create running spectral analyses. We analyzed signals from seven different time points: 10 min before the end of the baseline study, and then 5, 15, 25, 35, and 45 min after glucagon was infused. Respiration-free segments of data closest to these time points were identified and used to compute autorevision (AR) power spectra for each subject. We also used these spectra to compute the percentage of power distributed in ranges normally considered bradygastric (Ͻ2 cpm), normogastric (2-4 cpm), and tachygastric (Ͼ4 cpm). In addition, we used the power spectra to determine the number of spectral peaks present, defined as a local maximum in the spectrum greater than 25% of the global maximum. We also computed the range of spectral peaks present. These values help us detect the presence of multiple slow wave frequencies suggestive of functional electrical disturbances in the gastric syncytium.
Finally, to examine the propagation of the gastric slow wave, we computed the surface current density (SCD) from the 19 MGG sensor data, as described previously (3) . Spatiotemporal dynamics of the pattern maxima in the SCD maps were evaluated as reflective of propagation of the gastric electrical activity. We computed the 2 D pattern maximum and estimated propagation velocity as the result of the spatial extent of the motion of the maximum divided by the time of travel from the subject's left to right. Previous studies have shown that propagation velocities obtained in this way are consistent with the known propagation velocity of the gastric slow wave (3). Additionally, yet-to-be-published data from our laboratory show that the propagation velocity computed from SCD maps reflects the propagation velocity measured directly with serosal electrodes (L. A. Bradshaw, J. A. Sims, A. G. Myers, A. Irimia, and W. O. Richards; unpublished data).
RESULTS

Pre-and postglucagon MGGs.
MGGs from all subjects indicated gastric slow wave activity at a normal preprandial frequency. Typical 3-min pre-and postglucagon MGGs mapped to the location of the SQUID sensor array are shown in Fig. 2 . In Fig. 2A , channels located in the upper and central part of the array record consistent slow waves near 3 cpm. Channels interposed between these locations also record 3 cpm slow waves but with smaller amplitudes, suggesting the presence of a dipolar slow wave current source near the epigastrium. A false-color spatial plot of MGG values at one time point (Fig. 3 ) exhibits the double-lobe pattern characteristic of current dipoles. To confirm the dipolar nature of this model, we performed a linear least-squares fit of these data to the magnetic field of a simple current dipole. The results of the fit are illustrated by the contour lines in the figure. These data provide further evidence of the validity of the propagating current dipole model proposed earlier (4, 5) .
MGGs change substantially following the administration of glucagon. Postglucagon MGG maps (Fig. 2B ) taken from data recorded 30 min after glucagon administration show that MGGs in individual channels are highly variable in their frequency content. In this case, lower frequency values are recorded in the upper array, whereas the central and lower parts of the array appear to contain higher-than-normal frequencies. These observations are confirmed by spatial plots of the MGG frequency content, shown in Fig. 4 . In the preglucagon frequency maps shown in Fig. 4A , activity is concentrated in the upper (epigastric) portion of the array in the frequency band from 2-3 cpm. Frequency maps obtained from data recorded 37 min after administration of glucagon show activity no longer concentrated in one location or in one distinct frequency band. MGG activity appears postglucagon in frequency ranges that would be considered bradygastric (1-2 cpm) and tachygastric (4 -5 cpm). Figure 5 illustrates the effect glucagon had on the magnetic signal in one array channel over the course of one experiment. We observed normal gastric slow waves in baseline (t ϭ Ϫ10 min) and in the early period after glucagon was administered (t ϭ 8 min). The power spectrum changed dramatically 15 min after glucagon was given, and the effect continued throughout the course of the experiment. We observed peaks in the frequency spectra (Fig. 5B ) corresponding both to lower-and higher-than-normal slow wave frequencies. The presence of multiple peaks is strongly indicative of rhythm disturbances of the gastric syncytium in response to glucagon. For a more quantitative assessment of signal changes during the course of the experiment, we examined parameters of the power spectra. Running spectral analyses of the MGG data in each of the 20 volunteers during respiration suspension through the time course of the experiments are shown in Fig. 6 . Before glucagon injection, power spectra tend to reflect only one dominant frequency near the known gastric frequency of 3 cpm. After glucagon administration (indicated by the solid black line in each of the waterfall plots), the power spectra exhibit changes similar to those seen in Fig. 5 . The spectra in these waterfall plots and the data from which they are computed are used for the analyses of MGG parameters that follow.
Effect of glucagon in MGG and EGG. The level of blood glucose increased from a baseline of 89.8 Ϯ 1.6 mg/dl to 105.7 Ϯ 3.1 mg/dl (P Ͻ 0.001) 20 min after glucagon was administered to 126 Ϯ 3.9 mg/dl (P Ͻ 0.001) 40 min postglucagon with a subsequent decrease (yet still with blood glucose significantly higher than baseline levels) to 102.8 Ϯ 4.7 mg/dl (P Ͻ 0.01) at the end of the study. Two volunteers reported feeling nauseated shortly after injection of glucagon.
Slow wave frequencies computed from MGG and EGG through the course of the experiment were similar, as shown in Fig. 7 . MGG slow wave frequencies determined from postglucagon signals showed a decrease in the slow wave frequency that became statistically significant 15 min after glucagon was injected. By 25 min postinjection, the MGG slow wave frequency returned toward normal values with no statistically significant difference from baseline recorded at 25 min postglucagon. EGG slow wave frequencies evaluated at the same time points were statistically similar to those recorded by MGG, although the frequencies had a much larger variation. EGG slow wave frequencies did not show the same decrease as observed in MGG (see Table 1 ). Preglucagon MGG and EGG signal amplitudes (2.6 Ϯ 0.4 pT and 0.13 Ϯ 0.02 mV, respectively) did not change significantly after glucagon was administered (2.0 Ϯ 0.3 pT, P ϭ 0.09 and 0.17 Ϯ 0.03 mV postglucagon, P ϭ 0.1).
In addition to computing the dominant signal frequency, we also determined the number of peaks in the MGG frequency spectra and the range of these peaks. We used a peak detection algorithm to identify each peak in the spectrum whose spectral value was greater than 25% of the dominant peak. Previous studies have shown that uncoupling of the gastric syncytium precipitates the appearance of multiple, uncoupled pacemaking regions that could increase the number of peaks in the power spectrum and the range of frequencies detected (20, 28) . We found a significant increase in the number of MGG frequency peaks after glucagon injection, as shown in Fig. 8A . This increased number of peaks returned toward baseline values 45 min after glucagon injection. There was also an increase in the range of frequency peaks (Fig. 8B) , although the increase was only significant for the 5-and 15-min postglucagon samples.
The percent power distribution (PPD) in frequency ranges associated with normal slow waves, bradygastria, and tachygastria is frequently cited as indicative of functional changes in the gastric slow wave. In this study, PPDs computed from MGGs changed significantly postglucagon, as illustrated in Fig. 9 and Table 2 . Whereas power in regions associated with normal slow wave decreased after glucagon administration (significant decreases noted at t ϭ 5 min, t ϭ 15 min, and t ϭ 25 min), the percentage of power in typically brady-and tachygastric regions tended to increase (significant increases noted at t ϭ 5 min and t ϭ 15 min). Similar changes were noted in EGG signals, but with the exception of the tachygas- show the observed magnetic field changes over time as glucagon is administered at t ϭ 0 min. Glucagon induces both brady-and tachygastria. B: power spectra of the MGG data shown in (A) contain peaks at normal gastric frequencies before glucagon is administered and 8 min postglucagon. Signal changes are evident by 15 min after glucagon is administered, and these changes continue throughout the study. The deviation of these slow wave frequencies from the normal 3 cpm to both bradygastric and tachygastric ranges suggests that glucagon affects the gastric syncytium, resulting in a wider range of gastric slow wave frequencies. tric region at t ϭ 15 min postglucagon, these changes were not significant statistically. These PPD changes are further suggestive of glucagon-associated functional changes in the gastric syncytium. Propagation velocity. We used the multichannel MGG data to compute SCD maps, and from these maps, we computed the propagation velocity of the MGG signal. SCD maps before and after administration of glucagon are shown in a typical subject in Fig. 10, A and B , respectively, for a 20-s duration during a typical gastric slow wave. Tracking the SCD pattern maximum allows us to estimate the slow wave propagation velocity from the MGG data. Both pre-and postglucagon SCD sequences are chosen so that the pattern maxima is toward the subject's left as the sequences begin. During the 20-s sequence, SCD maxima move toward the left side of the map, corresponding to the subject's right side (the end of the gastric propagation pattern), consistent with the known direction of propagation of the gastric slow wave. In the baseline SCD map sequence, the pattern maxima revert to the right side (subject's left) in the frame at t ϭ 17 s, where the slow wave sequence is initiated at a location presumably corresponding to the gastric pacemaker. However, the postglucagon sequence (Fig. 10B) clearly shows a substantial delay in the slow wave propagation and does not reset by the end of the 20-s sequence. To quantify this, we computed the time required for the SCD maximum to propagate between two distinct channels and divided this number by the distance between the channels to obtain our estimate of propagation velocity. The propagation velocities we obtained before glucagon injection correspond well with the known propagation velocity of the gastric slow wave (7.1 Ϯ 0.8 mm/s). Figure 11 shows how the propagation velocity changes during the course of the experiment. A significant decrease in propagation velocity is noted only 35 min after glucagon injection, and the propagation velocity of the SCD maximum continues at a decreased rate after 45 min.
DISCUSSION
We measured the effect of glucagon on the electrical slow wave of the stomach by noninvasive assessment of the MGG. Fig. 7 . A: the gastric slow wave frequency determined from MGG exhibited a postglucagon decrease that was statistically significant (*) at t ϭ 15 min after the glucagon injection. However, MGG slow waves at other time points during the study contained dominant frequencies that did not significantly differ from baseline. B: electrogastrogram (EGG) slow wave frequencies evaluated at all time points were not statistically different from MGG frequencies, but wider variation in the dominant frequency was noted; there was no decrease in slow wave frequency noted after glucagon injection. All 20 subjects exhibited normal gastric slow waves before we administered glucagon, characterized as periodic activity in the biomagnetic signal recorded from multiple SQUID sensors located near the epigastrium. Patterns of gastric magnetic fields were similar to those of a current dipole. The biomagnetic recordings enabled noninvasive evaluation of the frequency, amplitude, spectral characteristics, propagation velocity, and PPD of the gastric slow wave. In previous studies, we have shown that slow wave parameters identified from the MGG agree with corresponding EGG values. We note stronger correlations postprandial, which is one explanation for the apparent (though not statistically significant) difference between preglucagon slow wave frequencies determined from MGG and EGG. The increased postprandial strength of EGG signals results in higher signal-to-noise ratios that facilitate a more accurate computation of the slow wave frequency. Since our study involved only fasted subjects, we observed wider frequency variations, particularly in EGG signals.
Analysis of the biomagnetic power spectra suggested postglucagon decreases in slow wave frequency in the period 5-15 min after glucagon injection, which is consistent with known half-life of glucagon in humans of 8 -18 min (Eli Lilly, Indianapolis, IN). These changes appear to subside later in the study, and the signal frequencies return to baseline values. EGG recordings also exhibited a decrease in signal frequency, but primarily because of the wide variation in recorded frequencies, these changes were not observed to be statistically significant.
The EGG measures cutaneous potentials that may be smoothed and attenuated by alternating low-and high-conductivity abdominal layers. Though geometric asymmetries can cause small conductivity effects in the external magnetic signal, the MGG is not as affected by the conductivities of intervening tissues as the EGG and represents the internal sources of bioelectric current (7). Thus frequency determinations from EGG may be affected by the lower signal-to-noise ratio caused by intervening abdominal layers compared with frequencies determined by the MGG. However, we note that the much smaller number of sensors employed in this study for EGG recordings compared with the number of MGG sensors used may bias this study against EGG, and for this reason, we do not feel that our results here reflect the fairest possible comparison of EGG with MGG.
Further analysis of the MGG power spectra suggests that the evaluation of dominant frequency alone may be an insufficient indicator of slow wave changes. We found that the number of peaks in MGG power spectra increased significantly after glucagon injection, as did the range of frequencies at which these peaks were identified. These data suggest that multiple slow waves at different frequencies result from the glucagon injection. Syncytial uncoupling in the stomach is one explanation for the appearance of multiple frequencies, but a definitive classification of these changes as "uncoupling" would require higher spatial resolution for a complete inverse analysis from MGG recordings and/or recordings from multiple electrodes in contact with the gastric syncytium. Future work is required to address these issues.
We quantified MGG power spectrum changes through the course of the experiment. Although the slow wave frequency was statistically unchanged in the EGG, we did note changes in its PPD that were borderline statistically significant. More Fig. 8 . A: we observed changes in the number of distinct peaks in the MGG power spectra after glucagon injection. Before injection, the autoregressive (AR) power spectra contained an average of 1.6 Ϯ 0.1 peaks. There was a significant increase (*) in the number of spectral peaks in spectra obtained 5, 15, 25, and 35 min after the glucagon injection. This increase subsided 45 min postglucagon. The increased number of peaks in the power spectrum suggest multiple slow wave frequencies recorded by the SQUID. B: there were also increases in the range of recorded frequencies at the same time points, but these increases were only significant statistically (*) for the 5 and 15 min samples. The increases in these power spectrum parameters suggest that the presence of glucagon results in the appearance of slow waves with different frequencies.
significant PPD changes occurred in MGG signals in the period immediately following glucagon injection. While an overall decrease in the slow wave frequency might suggest bradygastria, the additional changes we observed in the PPD, with signal power shifting into both brady-and tachygastric frequency ranges, suggest that glucagon induces more complicated rhythm disturbances in the gastric syncytium that could involve uncoupling, ectopic pacemakers, conduction pathway blocks, and/or reentry loops, similar to effects observed in diseased myocardium. We have observed similar PPD effects in mechanically uncoupled gastric tissue (2, 29) and in vagotomized rabbits (6) .
We also observed a decrease in the propagation velocity of the biomagnetic signature of the gastric slow wave after administration of glucagon. Interestingly, these changes were not observed to be significant statistically until the later part of the study, which may suggest a longer temporal effect on gastric activity from glucagon. The determination of propagation velocity from EGG remains an elusive goal. Whereas studies have demonstrated that multiple EGG sensors may contain phase shifts consistent with propagation (10), the ability to compute the propagation velocity reliably has not been shown, in part due to the loss of spatial resolution caused by the intervening volume conductor layers in the abdomen (7) . On this basis some have questioned the validity of parametric information besides temporal frequencies obtained from EGG (11, 24, 26) . We should note, however, that the spatial resolution of our magnetometer as well as the distance of the sensors from the gastric sources allows us to compute only a single value for the propagation velocity, whereas the gastric syncytium is known to have a distally increasing velocity of propagation. It is likely that the propagation we are observing is primarily in the antrum where biomagnetic signals would be stronger than in the corpus.
Hyperglycemia has been shown to increase the occurrence of both dysrhythmias and arrhythmias in gastric slow waves, but tachygastria is more consistently observed in EGG signals (1, (12) (13) (14) 18) . For both normal subjects and in gastroparetics, hyperglycemia is associated with decreased gastric emptying, and it attenuates the effects of prokinetic agents (15, 16, 19, 30, 32) . The causative relationship between hyperglycemia and gastric dysrhythmias is unknown, but the similarity between these dysrhythmias and those observed during uncoupling of the interstitial cells of Cajal (ICC) network has been noted (12, 13, 31) . In particular, the results of Qian et al. (31) suggest that an ectopic pacemaker in the distal antrum causes both tachygastria and bradygastria, though a recent study of ICC population depletion in both diabetic and idiopathic gastroparesis showed only tachygastria in EGG recordings (12) . Horvath and colleagues (17) have presented evidence that ICC population depletion in diabetes is caused not by hyperglycemia, but by reduced insulin and IGF-I signaling, suggesting that the evaluation of insulin and IGF levels may be more critical than that of glucose, as in the present study. The difficulty of obtaining high-quality common mode rejection in the EGG at low frequencies may be one explanation for the observed prevalence of tachygastria over bradygastria, whereas our power spectra from our MGG recordings with direct-coupled (DC)-SQUID magnetometers reflect primarily lower dominant signal frequencies after glucagon injection. The distinction between bradygastria, tachygastria, gastric uncoupling, and other rhythm disturbances may prove critical to the characterization of gastric electrical abnormalities and may have a significant influence on the direction of treatment options. A study by Brzana et al. (9) showed that EGG parameters were different in patients with gastric outlet obstruction than patients with idiopathic gastroparesis. Furthermore, many of the effects we Fig. 9 . Changes in the percentage of power distributed (PPD) in bradygastric (Brady-), normogastric (Normo-), and tachygastric (Tachy-) frequency ranges in both (A) MGG and (B) EGG suggest that glucagon affects the gastric slow wave frequency spectrum. The enhanced low frequency response of the magnetometer results in a better sensitivity of MGG to changes toward the bradygastric region of the frequency spectrum compared with EGG. Both MGG and EGG signals show a decrease in the normogastric PPD, but significant low frequency changes are also noted in MGG data.
observed from glucagon injection were small and only borderline significant statistically. These effects may be dose-dependent, and further studies into the relationship between blood glucose, insulin and IGF-I levels, and MGG and EGG signal changes are needed.
The sensitive low-frequency response of the SQUID magnetometer, combined with the ability to obtain data from multiple spatially distributed sensors, allowed noninvasive, noncontact characterization of glucagon-associated rhythm disturbances by the assessment of the slow wave frequency profile, including the dominant frequency, the number and range of spectral peaks, the percentage of power distributed in MGG signals, and the evaluation of slow wave propagation velocity. The ability to assess noninvasively these slow wave parameters may prove critical to the effective clinical assessment of gastric disorders such as gastroparesis.
Some of the challenges to be addressed as clinical implementation is pursued include better noise response due to motion artefact and ambient magnetic noise. Although we are always able to detect and record the MGG, we use a magnetically shielded room and take special precautions to avoid unnecessary motion of metallic objects during the study. Continuous technological advances are increasing the ability of SQUID magnetometers to be used in unshielded, clinical Values are means Ϯ SE. PPD, percent power distribution. Fig. 10 . A: surface current density (SCD) maps computed from the preglucagon MGG signal plotted sequentially correspond to propagation of the gastric slow wave across the subject's abdomen. B: the SCD maps after administration of glucagon show a distinct decrease in the slow wave propagation velocity. Whereas in the preglucagon baseline recording (A) the SCD maximum propagates through a complete cycle moving from the subject's left to right and then resetting to the left in the frame at 18 s, the postglucagon SCD maximum (B) reaches only into the middle of the sensor array. Fig. 11 . Propagation velocity determined from SCD maps computed from the multichannel MGG decreased significantly after the second dose of glucagon was administered at t ϭ 20 m. Although a decrease in propagation velocity is observed at t ϭ 15 min, it was not significantly different from baseline. Subsequently, propagation velocity decreases at t ϭ 35 min and t ϭ 45 min were statistically significant (*).
environments. Furthermore, operational costs for the SQUID are relatively high owing to the necessity of using liquid helium as a cryogen for the SQUID sensors. We will continue to monitor the development of high-temperature superconductors and explore their use in our GI applications, as they are already being employed in clinical investigations of the magnetocardiogram and without magnetic shielding (21, 22) . In concert with improvements to our signal-to-noise ratio, we are working on signal identification and signal processing methods that will allow us to better reject physiological noise in our signals such as respiration artefact and nonphysiological noise such as the magnetic signature of moving metal objects. Also, we are continuing to work on more sophisticated algorithms for the inverse analysis of externally recorded biomagnetic fields to get a more accurate representation of the underlying gastric sources of bioelectric current.
